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[1] Ground surface temperature (GST) reconstructions determined from temperature
profiles measured in terrestrial boreholes, when averaged over the Northern
Hemisphere, estimate a surface warming of �1 K during the interval AD 1500–
2000. Other traditional proxy-based estimates suggest less warming during the same
interval. Mann et al. [2003a] have raised two issues with regard to borehole-based
reconstructions. The first focuses on the need for spatial gridding and area-weighting
of the ensemble of borehole-based GST reconstructions to yield an average
hemispheric reconstruction. The second asserts that application of optimal detection
techniques show that the GST only weakly displays the spatial structure of the
surface air temperature (SAT). We demonstrate the consistency of GST warming
estimates by showing that over a wide range of grid element area and occupancy
weighting schemes, the five-century GST change falls in the range of 0.89–1.05 K.
We examine the subhemispheric spatial correlation of GST and SAT trends at various
spatial scales. In the 5-degree grid employed for optimal detection, we find that the
majority of grid element means are determined from three or fewer boreholes, a
number that is insufficient to suppress site-specific noise via ensemble averaging.
Significant spatial correlation between SAT and GST emerges in a 5-degree grid if
low-occupancy grid elements are excluded, and also in a 30-degree grid in which
grid element means are better determined through higher occupancy. Reconstructions
assembled after excluding low-occupancy grid elements show a five-century GST
change in the range of 1.02–1.06 K. INDEX TERMS: 1645 Global Change: Solid Earth; 1699

Global Change: General or miscellaneous; 3309 Meteorology and Atmospheric Dynamics: Climatology

(1620); 3322 Meteorology and Atmospheric Dynamics: Land/atmosphere interactions; 3344 Meteorology

and Atmospheric Dynamics: Paleoclimatology; KEYWORDS: boreholes, paleoclimate, spatial analysis,

surface temperature
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1. Introduction

[2] Paleoclimate reconstructions that describe global and
hemispheric surface temperature histories over the past two
millennia include several inferred from traditional surface
temperature proxies [Overpeck et al., 1997; Jones et al.,
1998; Mann et al., 1999; Briffa et al., 2001; Crowley and
Lowery, 2000; Esper et al., 2002; Mann and Jones, 2003].
Other investigators have used direct measurements of
subsurface temperatures in boreholes to infer ground
surface temperature (GST) histories [Huang et al., 2000;
Harris and Chapman, 2001; Beltrami, 2002a]. Briffa and
Osborn [2002] discuss several reconstructions for the
Northern Hemisphere, all of which show the 20th century
as a period of warming of at least 0.5 K, but in the

400 years preceding the 20th century the reconstructions
show more variability.
[3] Many reasons have been suggested for the differences

in the various reconstructions: different proxies respond to
different target seasons; the calibration of some proxies may
imperfectly separate temperature from other climatic factors
that affect the proxy; the spatial distributions of data are
different in the various reconstructions; different proxies
have better fidelity at different temporal frequencies; ground
and air temperatures may respond differently to land-use or
climatic changes; and local data have been spatially aggre-
gated to form a hemispheric average by different methods.
Cogent discussions of these issues have been presented by
Beltrami [2002b], Briffa et al. [2001], Harris and Chapman
[2001], Briffa and Osborn [2002], Esper et al. [2002],
Trenberth and Otto-Bliesner [2003], Mann et al. [2003b]
and Zorita et al. [2003]. In this paper we first address the
aggregation issue, particularly as it pertains to the regional
and hemispheric climate histories estimated from individual
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borehole temperature profiles. Subsequently we address the
question of sub-hemispheric spatial structure in the hemi-
spheric ensemble of borehole reconstructions.

2. Aggregating Reconstructions

[4] It is important to note initially that most of the
following discussion is not about analysis of subsurface
temperature profiles, the primary data that borehole inves-
tigators use to reconstruct a surface temperature history.
Rather it addresses the spatial aggregation and representa-
tion of the ensemble of reconstructions that have been
derived in one particular analysis of borehole temperatures,
i.e., the analysis by Huang et al. [2000]. Other analyses of
the primary temperature data to reconstruct a global or
hemispheric GST history have been presented by Harris
and Chapman [2001] and Beltrami [2002a].
[5] Borehole investigators have aggregated individual

borehole reconstructions in different ways. Pollack et al.
[1998] and Huang et al. [2000] estimated global GST
histories as simple arithmetic averages of 358 and 616 indi-
vidual borehole site reconstructions, respectively. The five-
century Northern Hemisphere reconstruction (453 sites)
of Huang et al. [2000] has subsequently been reassessed
by Briffa and Osborn [2002], who placed the borehole
sites into a latitude-longitude grid and estimated a hemi-
spheric GST history from the grid element means, but
without any weighting by grid element area or occupancy
(T. Osborn, personal communication, 2003). The Huang
et al. [2000] hemispheric reconstruction has also been
reassessed by Mann et al. [2003a, hereinafter referred to
as M03], who calculated, inter alia, an area-weighted
hemispheric GST history (see Rutherford and Mann
[2004] for a correction).
[6] Harris and Chapman [2001], in their independent

analysis of the borehole temperature profiles, placed a
5-degree grid over the Northern Hemisphere borehole data
sites, and within each grid element averaged the transient
temperature profiles. In the subsequent analysis of the grid
element averages to establish a Northern Hemisphere re-
construction, the grid element averages were area-weighted
(D. Chapman, personal communication, 2003). The fact that
the Harris and Chapman gridded hemispheric analysis
yielded a temperature change very similar to that deter-
mined by Huang et al. [2000] through simple averaging of
individual site reconstructions, offers a first hint that the
differences existing between borehole and traditional proxy-
based reconstructions probably cannot be attributed simply
to the different ways in which they have been aggregated.

3. Hemispheric Reconstructions Weighted by
Grid Element Area

[7] To determine the range of hemispheric reconstructions
that result from different aggregation schemes, we compute
five-century GST reconstructions for the Northern Hemi-
sphere as a simple arithmetic mean of the individual site
reconstructions, and as an area-weighted mean of grid ele-
ment averages for all grid elements containing boreholes. We
use the current contents of the publicly available database of
borehole temperatures and climate reconstructions [Huang
and Pollack, 1998] that presently includes 695 sites in the
Northern Hemisphere, as displayed in Figure 1. This database

includes both raw borehole temperature data, as well as a
derived GST reconstruction comprising linear temperature
trends for each of the past five centuries, at each borehole
location.
[8] We have examined grids of various sizes: 5, 10, 15,

30, 45, and 90 degrees, with latitude incremented from the
equator and longitude from the Greenwich meridian. Grid
size plays a variable role in assembling a hemispheric
reconstruction. A very small grid size (�1 degree) is
tantamount to enclosing each data site in its own grid
element. A hemispheric reconstruction from such a small
grid is, in effect, a weighted average of the individual site
reconstructions, with the weightings being proportional to
the cosine of the site latitude. At the other extreme, a single
‘‘grid element’’ comprising the entire hemisphere would
contain all data sites in a single element, thereby rendering
area weighting moot, and yielding a hemispheric mean that
is the simple average of all the data sites in the hemisphere.
The hemispheric reconstructions of Huang et al. [2000] are
effectively the latter.
[9] The results of our area-weighting experiments are

shown in Table 1 and Figure 2 (see also Appendix A for
details of our area-weighting calculations). The simple
averaging of the 695 individual site reconstructions over
the hemisphere yields 1.04 K of warming over the past five
centuries, whereas the gridded and area-weighted recon-
structions range from 0.89 to 1.05 K, depending on the grid
size. The simple arithmetic average reconstruction, without
any area weighting, lies very near the cooler bound of the
reconstruction envelope. The previously mentioned Harris
and Chapman [2001] investigation, a hybrid analysis based
on both borehole observations and the SAT historical

Figure 1. Locations of boreholes in the global database,
with histogram of latitudinal distribution (modified after
Harris and Chapman [2001] to reflect the current status of
the database).
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record, also obtained a gridded and area-weighted recon-
struction showing circa 1 K of warming over the past five
centuries.
[10] For direct comparison with the analyses of Briffa and

Osborn [2002] and M03 we performed the same calcula-
tions with the smaller data set comprising only the
453 Northern Hemisphere sites used by those investigators
and by Huang et al. [2000]. These calculations (also shown
in Table 1) show that the differences arising from the size of
the data set are inconsequential: simple averaging of the
453 individual site reconstructions yields a five-century
warming over the hemisphere of 1.06 K, and gridded and
area-weighted averages in the range 0.83–1.09 K, results
not significantly different from the 695 sites we analyze
here. We were not able to reproduce the area-weighted
reconstruction shown inM03, using the same data set distrib-
uted in a 5-degree grid, or any other grid size. Rutherford
and Mann [2004] acknowledge that there was an error in the
M03 calculation of the area-weighted reconstruction.

4. Hemispheric Reconstructions Weighted by
Area and Grid Element Population

[11] The discussion of aggregation should not rest with
the observations made above, because area-weighting alone

does not take into account the statistical robustness of each
grid element mean. Each borehole yields a site-specific
ground surface temperature reconstruction using a subsur-
face temperature profile that contains both a climatologic
signal and site-specific nonclimatologic noise. A grid ele-
ment mean reconstruction estimated from many individual
site reconstructions is likely to be better determined than a
‘‘mean’’ estimated from a single site, because of the
cancellation of site-specific nonclimatologic effects that
accompanies the averaging of individual site reconstruc-
tions. Discussions of the sources of such noise have been
presented by Shen et al. [1995] and Pollack and Huang
[2000].
[12] In forming a hemispheric or global reconstruction,

additional weighting beyond simple area weighting should
be applied to reflect the variable robustness of the estimate
of each grid element mean. In addition to weighting by the
area of the grid element discussed above, we also weight by
grid element occupancy level. We apply an a empirical
weighting of the form A�Nw, where A is the area of the grid
element, N is the number of sites in the grid element, and
w is an exponent running through the values 0, 0.25, 0.5,
0.75, and 1. The weighting with w = 0 corresponds to a
uniform occupancy weighting of all grid element means,
independent of the number of sites in each grid element. It is
equivalent to the simple area-weighted reconstruction dis-
cussed above and shown in Figure 2. The fractional values
of w between 0 and 1 give increasing weight to well-
populated grid elements; the weighting w = 1 gives each
grid element a weight equal to its occupancy level. This
empirical weighting scheme spans a wide range of weight-
ings by both area and occupancy.
[13] Reconstructions weighted both by occupancy and

grid element area are displayed in Figure 3. These results
are rather insensitive to the size of the grid and to longitu-
dinal translation of the grid over the hemisphere. Progres-

Table 1. Five-Century Area-Weighted GST Changes in the

Northern Hemisphere

Grid Size, deg
695 Sites

DT1500 – 2000, K
453 Sites

DT1500 – 2000, K

5 1.02 0.96
10 1.02 0.95
15 0.94 0.86
30 0.89 0.83
45 0.93 0.94
90 1.05 1.09

Figure 2. Five-century area-weighted reconstructions of
ground surface temperature history from 695 boreholes in
the Northern Hemisphere. Shaded area represents the range
occupied by six hemispheric reconstructions in grids
ranging in size from 5 � 5 to 90 � 90 degrees. The
corrected 5-degree area-weighted reconstruction of Mann et
al. [2003a] [Rutherford and Mann, 2004], and our 5-degree
area-weighted reconstruction using a larger data set are
superimposed.

Figure 3. Five-century area- and occupancy-weighted
reconstructions of ground surface temperature history from
695 boreholes in the Northern Hemisphere. The entire
shaded region represents the range of area-weighted hemi-
spheric reconstructions in grids of various sizes, as shown in
Figure 2. The sequentially darker regions represent
progressively heavier weighting by occupancy (see text).
Each darker region overlies part of the lighter shading
beneath.
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sively increased weighting by grid element population leads
to a convergence of reconstructions very close to that
represented by the simple arithmetic mean of the individual
site reconstructions. It is clear that grid element means,
weighted either by area alone or by both area and popula-
tion, lead to the conclusion that borehole reconstructions
indicate circa 1 K of warming in the Northern Hemisphere
over the past five centuries. The corrected area-weighted
estimate of warming by Rutherford and Mann [2004] is
fully consistent with this conclusion.

5. Subhemispheric Spatial Structure

[14] M03 have also argued that the ensemble of GST
reconstructions does not show very much of the subhemi-
spheric spatial structure displayed in the 20th century SAT
record, and that much of what has been identified in the
geothermal observations as climatic warming, both in the
20th century and in the previous four centuries, is probably
noise and/or bias. M03 acknowledge that for the 20th
century, the simple arithmetic mean of borehole site recon-
structions over the Northern Hemisphere presented by
Huang et al. [2000] compares favorably to the mean trend
of the SAT data. They go on to point out, however, that a
comparison of colocated 5-degree grid element means
shows prominent differences between the two data sets,
with more than a quarter of the grid elements even showing
discrepant signs, i.e., one data set shows a warming trend
for a grid element in which the other data set indicates
cooling. Their subsequent empirical orthogonal function
(EOF) analysis of GST reconstructions detects only a weak
SAT signal. In the following discussion we argue that the
M03 treatment of the geothermal reconstructions is tenuous,
and therefore their conclusions stemming from that analysis
must be viewed with caution.
[15] Initially we compare the spatial characteristics of

the GST and SAT on a 5-degree grid, the only grid size
investigated by M03. Our analysis includes all 695 bore-
hole sites presently available in the Northern Hemisphere
data set, a number more than 50% greater than the number
of sites analyzed by M03. The comparison focuses on
those 5-degree grid elements that contain both borehole
reconstructions and 20th century SAT data. In each grid
element we calculate the mean temperature change of both
GST and SAT over the 20th century, using the borehole
reconstructions of GST and the University of East Anglia
compilation of SAT data [Jones et al., 1999]. Figure 4a
displays the colocated mean temperature changes in each
grid element, determined from GST and SAT. The two
data sets display similar variability, principally in the range
of �1 to +2 K/century, although most points are situated
in the quadrant in which both the SAT and GST show 20th
century warming. The correlation between the SAT and
GST estimates in the larger data set is 0.13, significant at
the p = 0.09 level (all significance levels we cite are one-
sided), not very different than the 0.11 correlation deter-
mined by M03 (no significance level given) using the
smaller data set. These numbers indicate only a weak
correlation, with significance outside the 95% confidence
interval.
[16] If in fact our analysis ended at this point, we would

conclude, as did M03, that there is only weak spatial

similarity between the two arrays. It is not difficult, how-
ever, to determine the source of the disconnect: in a
5-degree grid, the grid element means of the borehole
reconstructions are very weakly determined because there
are only a small number of occupants in most of the grid
elements. Even with the larger data set we analyze here
(695 sites versus 453 sites analyzed by M03), almost 1 in
5 of the occupied 5-degree grid elements contain only a
single borehole, and fully half of the grid elements contain
three or fewer boreholes. As a simple example of the

Figure 4. Comparison of 20th century Northern Hemi-
sphere temperature trends in grid elements of different sizes
and selected populations, as determined from SAT and
borehole reconstructions in (a) all occupied 5-degree grid
elements, (b) 5-degree grid elements with more than three
occupants, (c) 30-degree grid elements containing more
than one occupant, and (d) complete Northern Hemisphere.
The 5-degree pattern in Figure 4a is shown faintly in the
background of Figures 4b, 4c, and 4d to enable easy visual
comparisons.
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consequences of low occupancy, we note that of the 25 grid
elements displaying discrepant signs between GST and SAT
trends, 20 contain three or fewer boreholes.

5.1. Signal Enhancement in Borehole Analysis

[17] To appreciate the significance of this sparse occu-
pancy, one must recognize the uncertainties that affect the
interpretation of individual borehole temperature profiles.
The inevitable presence of site-specific noise in subsurface
temperatures (see Shen et al. [1995] and Pollack and Huang
[2000] for a discussion of these effects), has led geothermal
researchers to caution against placing confidence in a
reconstruction derived from a single borehole; more typi-
cally they discuss regional ensembles of data [Shen et al.,
1995; Pollack et al., 1996] and the regional climatic
reconstructions derived from the data ensembles. This
procedure has parallels in the assembly of a dendroclimato-
logical chronology. A chronology derived from a single tree
would surely be viewed with skepticism compared to a
chronology assembled from scores of trees.
[18] To enhance the regional climate signal while sup-

pressing site-specific noise, geothermal researchers employ
simultaneous inversion of several boreholes [Beltrami et al.,
1997] or averaging of several individual reconstructions
[Shen et al., 1995]. Simultaneous inversion seeks a signal
compatible (within tolerance levels) with all of the individ-
ual borehole temperature profiles; the averaging technique
operates under the assumption that site-specific noise is
random and cancels under averaging, whereas a regional
climate signal is common and additive. Under many cir-
cumstances the two procedures, simultaneous inversion and
ensemble averaging, yield very similar results [Pollack et
al., 1996].
[19] At the 5-degree spatial scale, the individual GST

reconstructions are only thinly aggregated, and accordingly
the grid element means of the borehole site reconstructions
do not benefit from the noise suppression that accompanies
aggregation. Accordingly, many of the grid element means
are burdened with large uncertainties.

5.2. Spatial Correlation Enhancement

[20] The problems associated with sparse occupancy can
be addressed, and enhancement of the spatial correlation
between the 20th century GST and SAT can be achieved, in
at least two ways, both of which we examine here. The first
retains for analysis only those 5-degree grid element means
that meet some occupancy threshold, and excludes the
highly uncertain grid element means estimated from very
few occupants (often only a single occupant). The second
method of enhancement adopts a larger grid size so that
each grid element has the potential to encompass a greater
number of boreholes, thereby avoiding the situation where
the available borehole sites are distributed thinly into many
grid elements. Both methods enable a search for common
spatial structure between the GST and SAT, the first at the
5-degree scale but with a data set truncated by low-occupancy
considerations, and the second at a larger spatial scale.
5.2.1. Truncation of Low-Occupancy Grid Elements in
a 5-Degree Grid
[21] The 5-degree grid divides the hemisphere into

1296 grid elements, 113 of which are occupied by boreholes
and also have SAT records. Of the occupied grid elements,

21 contain only a single borehole, 21 contain two boreholes,
and 16 contain three. Together these low-occupancy grid
elements represent more than half of the occupied elements
but contain only 111 boreholes out of the available 695, i.e.,
51% of the grid elements represent only 16% of the data set.
This makes clear the potential for a gravely distorted
correlation analysis if the low-occupancy grid elements
are used. Removing the low-occupancy grid elements
from the analysis allows 84% of the data set to be retained
in 55 grid elements.
[22] We compare both the sparsely populated and the

more densely populated subsets of the 5-degree gridded
borehole data to the corresponding SAT (see Table 2). The
sparsely populated subset, when compared to the SAT,
shows an RMS difference of 0.88 K/century, and a very
low correlation of 0.016 with poor statistical significance
(p = 0.45). The more densely populated subset (Figure 4b),
in which 55 grid elements contain more than three bore-
holes, shows an RMS difference of 0.53 K/century, and a
correlation of 0.42, significant at the p = 0.0007 level.
Following the M03 analysis, we report all significance
statistics using the maximum number of degrees of freedom
determined from the number of grid elements represented in
each correlation. These results clearly show that low-occu-
pancy grid elements obscure the significant correlation that
exists between GST and SAT. As we have noted before, the
underlying reason for this obfuscation is that grid element
means estimated from small numbers of occupants
are generally weak. Those grid elements with greater
occupancy and better determined means correlate better
with the SAT.
[23] The ‘‘optimal detection’’ EOF analysis of M03 also

effects a separation of signal from noise and/or bias. In
their EOF analysis, the first eigenvector has been charac-
terized as representing noise and/or bias, and the second
eigenvector as carrying the climate signal contained in the
borehole data. The correlation and significance levels of
their ‘‘optimally detected’’ climate signal and our ‘‘N > 3’’
signal are 0.25 (p = 0.01) and 0.42 (p = 0.0007),
respectively. The differences arise largely from the manner
in which noise is addressed in the respective analyses.
M03 analyzed the borehole data set only on the 5-degree
grid, retained all of the data, and employed a relative error-
weighting scheme based on occupancy. However, because
there are so many 5-degree grid elements that are sparsely
occupied, they play a disproportionate and degrading role
in detecting the ‘‘optimal’’ signal. To illustrate this point

Table 2. GST-SAT Correlation Statistics for Selected Data Sets

Correlation,
r Significancea

Mean
RMS Error,
K/100a

695 Data Set
5� grid (all) 0.13 0.09 0.71
5� grid (N > 3) 0.42 0.0007 0.53
5� grid (N < 4) 0.016 0.45 0.88
30� grid (all) 0.45 0.03 0.31
30� grid (N > 1) 0.50 0.017 0.29

453 Data Set
5� grid M03 (all) 0.11 not given 1.0
5� grid M03 ‘‘optimal’’ (all) 0.25 0.01 not given

aOne-sided p value.
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ad absurdum one can imagine a data distribution such that
every grid element contained only a single borehole, each
determining the ‘‘mean’’ for that grid element. Occupancy
weighting in this case would be uniform, and yet say
nothing about the relative accuracy of the grid element
means. A relative weighting scheme such as that employed
by M03 will in this case fail to recognize the poor quality
of the grid element means; it will simply weight them
equally. Yet a correlation analysis of weakly determined
grid element means is unlikely to yield anything but a
weak result.
[24] In contrast, we have simply excluded low-occupancy

grid elements from the analysis, and seek a climatologic
signal in the higher-occupancy grid elements. In essence
this exclusion gives zero weight to low-occupancy grid
elements. The culling by occupancy need not be severe;
in the 5-degree grid we exclude only those grid elements
with three or fewer occupants. As we have shown, the
remaining higher-occupancy grid elements yield a statisti-
cally significant correlation with the SAT.
5.2.2. Larger Grid Size
[25] Enhanced spatial correlation can also be demonstrated

at larger grid sizes with accordingly higher occupancy levels
in many of the grid elements. For example, a 30-degree grid
divides the hemisphere into 36 grid elements, 19 of which are
occupied by borehole sites. Only one grid element contains a
single borehole; the median number of occupants in the
occupied grid elements is 17, as compared to only 3 in the
5-degree grid.
[26] The correlation between SAT and GST with no grid

elements excluded improves from r = 0.13 on a 5-degree
grid to 0.45 on the 30-degree grid, and with an improved
significance (p = 0.03; see Table 2). The mean RMS misfit
is reduced from 0.71 K/century to 0.31 K/century between
the 5-degree and 30-degree grids, a reduction of 56%.
Clearly, the greater the number of boreholes in a grid
element, the better the GST compares to the SAT. Con-
versely, the fewer the number of occupants the less robust is
the mean, and the poorer the comparison with the SAT.
[27] When we exclude the single-occupancy grid element

in the 30-degree grid, the comparison of GST to SAT
continues to improve (see Table 2 and Figure 4c). The
two variables show an RMS difference of 0.29 K/century
and a correlation of 0.50, significant at the p = 0.017 level.
The contraction of the array of colocated GST and SAT data
seen in Figure 4c illustrates the reduction of the misfit
between the estimated GST and SAT trends.
[28] Considering the full hemisphere as a single grid

element (Figure 4d) yields the previously known and well-
recognized result that there is good correspondence between
GST and SAT 20th century trends (0.59 and 0.66 K/century,
respectively) at the hemispheric scale. On a 5-degree grid in
which grid elements with three or fewer occupants
are excluded, the GST hemispheric estimate increases to
0.61 K/century and the agreement is even closer.
[29] It is well known that the SAT exhibits spatial

correlation, with a correlation scale length on an annual
basis in the range 1000–2000 km [Hansen and Lebedeff,
1987; Briffa and Jones, 1993; Mann and Park, 1994; Jones
et al., 1997]. Moreover, SAT correlation scale lengths are
timescale-dependent [Jones et al., 1997], with the century
scale length greater than the annual scale length. These

considerations suggest a reduction in the number of spatial
degrees of freedom that will influence the statistical signif-
icance of a correlation between the GST and SAT. The
correlations we report between GST and SAT remain
significant within the 90% confidence interval for many
fewer degrees of freedom. The 0.42 correlation between
GST and SAT in the 5-degree grid is significant down
to approximately 9 spatial degrees of freedom and the
0.50 correlation between GST and SAT in the 30-degree
grid is significant down to approximately 7 spatial degrees
of freedom.
[30] Figure 5 displays two area-weighted five-century

GST reconstructions corresponding to the occupancy-
filtered 5-degree and 30-degree data sets, both well
correlated with the SAT in the 20th century. These two
reconstructions are very similar, suggesting that both
approaches to dealing with the problems presented by
low-occupancy are effective. When additional occupancy
weighting is applied to the retained grid elements, the two
reconstructions converge, and lie well within the uncertainty
envelope of the simple arithmetic mean of all 695 borehole
sites. Also shown in Figure 5 is the corrected ‘‘optimal’’
reconstruction of Mann et al. [2003a] [Rutherford and
Mann, 2004]. There remains a significant unexplained
difference between our reconstructions and the corrected
‘‘optimal’’ reconstruction of Mann et al.
[31] We conclude from this discussion that given the

current size of the borehole database and the nature of the
associated noise, attempts to detect similar spatial patterns
in the SAT and GST will face difficulties when many grid
element means are weakly determined because of low grid
element occupancy, i.e., small sample size. We have pre-
sented two ways to avoid this problem: (1) discarding low-
occupancy grid elements from a 5-degree grid before

Figure 5. Five- and thirty-degree borehole reconstructions
for the Northern Hemisphere (low-occupancy grid elements
excluded). Additional occupancy weighting of the retained
grid elements leads to a convergence of the two reconstruc-
tions. Also shown are the corrected Mann et al. [2003a]
‘‘optimal’’ reconstruction [Rutherford and Mann, 2004],
and the 20th century SAT annual anomaly series [Jones et
al., 1999]. The SAT is referenced to its mean in the interval
1961–1990; the other plots are referenced to the zero
crossing of the SAT 20th century trend.
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correlations are determined between the GST and SAT; and
(2) employing a larger grid that yields higher occupancy by
distributing the data sites into a smaller number of larger
grid elements.

6. Possibilities of Bias?

[32] M03, in addition to arguing that borehole recon-
structions are burdened with noise, also suggest that they
may be systematically biased. In general, the borehole
reconstruction of Huang et al. [2000] and the various
reconstructions and aggregations discussed above show
that the 16th through 18th centuries were, on average,
significantly colder than depicted in some of the traditional
proxy-based reconstructions. Therefore the bias M03 inti-
mate would be some characteristic in the borehole data or
analysis that has led to an over-estimation of climatic
warming since the year 1500. We examine several possi-
bilities below.

6.1. Borehole Logging Dates

[33] The borehole temperature inversions of Huang et
al. [2000] were parameterized to estimate century-long
trends of surface temperature [Huang et al., 1996], even
though the median year of temperature logging in the
borehole database is 1983, some two decades prior to the
end of the century. Recognizing the range of logging
dates, Harris and Chapman [2001] forward continued all
of the subsurface transient profiles to a common date
near the end of the century, by assuming a constant
surface temperature from the time of logging. Both the
Huang et al. [2000] and Harris and Chapman [2001]
reconstructions must be considered as muted estimates of
the 20th century trend, Huang et al. [2000] because
many borehole sites at the time of measurement would
not yet have been exposed to the significant warming of
the last two decades of the 20th century, and Harris and
Chapman because their extrapolation scenario is an
underestimate of the actual development of the surface
air temperature. Nevertheless, this end-of-century bias
present to some degree in both analyses, if adjusted
for, would yield an even greater difference between the
borehole and proxy-based reconstructions, rather than
bring them closer together.

6.2. Borehole Site Geography

[34] That the borehole sites comprise a predominantly
midlatitude continental data set is clearly shown in
Figure 1. Bias arising from this limited geographic
sampling is of course possible. If the five-century
hemispheric warming were actually less than what the
midlatitude boreholes suggest, then regions outside the
midlatitude continents would have to exhibit less warm-
ing than indicated in the midlatitudes. A plethora of
evidence including the SAT indicates 20th century
warming in high latitudes is similar to or even greater
than that exhibited in the midlatitudes. Thus sampling
of high-latitude geography is unlikely to reduce the
estimate of hemispheric warming derived from a largely
midlatitude data set. A determination that low-latitude
regions or the oceans have experienced a more moder-
ate warming history than the middle- and high-latitude

continents, so as to yield a full hemispheric result that
differs from a geographically limited continental recon-
struction, is of course yet another possible avenue of
reconciliation.
[35] The Esper et al. [2002] and Briffa et al. [2001]

reconstructions have been characterized as midlatitude con-
tinental reconstructions also. These two reconstructions
describe temperature histories that are in closest agreement
with borehole-based estimates. The similarity of these three
estimates, given their similar geographical settings, lends
some additional confidence in the viability of each. It also
suggests that the dendrochronology construction techniques
that Esper et al. and Briffa et al. developed to preserve low-
frequency trends in their climate reconstructions may well
have been necessary. We also note, however, that these
reconstructions may be biased due to volcanism [Shindell et
al., 2003].

6.3. Analysis of Different Data Sets

[36] We have searched for a possible bias arising from
our use of a larger data set than that analyzed by M03.
We analyzed the smaller set used by M03, using the
same gridding, weighting and aggregation experiments
reported here for the larger set of borehole reconstruc-
tions (see Table 1 and Figures 2 and 3). Aside from
different error estimates due to the smaller sample size,
our results from the smaller data set are essentially the
same as the results from the larger in all major character-
istics. The acquisition of new data from different geographic
localities has not significantly altered the estimates of
temperature change derived from the smaller ensemble of
reconstructions.

6.4. Seasonal Filters

[37] It is well observed that mean annual ground surface
temperature differs from the mean annual SAT in regions
where there is snow cover and/or seasonal freezing and
thawing, due to the insulation effects of snow cover and
the latent heat released or absorbed [Gosnold et al., 1997;
Hinkel et al., 2001; Smerdon et al., 2003a]. It is also clear
that the coupling of SAT and GST over a single year is
complex: summer evapotranspiration cools the ground
whereas winter snow cover and soil freezing partially
decouples the ground from winter air temperatures [Kane
et al., 2001; Sokratov and Barry, 2002; Lin et al.,
2003; Smerdon et al., 2003b; Mann and Schmidt, 2003;
Chapman et al., 2004]. In high-latitude regions where the
mean annual temperature is below freezing, the latent heat
of fusion prevents the deeper subsurface from seeing the
warmth of summer [Hinkel et al., 2001]. M. G. Bartlett et
al. (Snow and the ground temperature record of climate
change, submitted to Journal of Geophysical Research,
2004) show that the interannual variability of snow cover
onset, thickness and duration can lead to a highly variable
decoupling, sometimes warming the ground and some-
times cooling the ground relative to the SAT. Stieglitz et
al. [2003] note the effect of decadal variations in snow
cover on subsurface temperatures in the Alaskan Arctic,
but even stable decadal variability, which penetrates to no
greater than 50–60 m depth, probably has little influence
on the estimation of multicentury trends that are imprinted
on borehole temperature profiles to depths of several
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hundred meters. These studies collectively illustrate that it
is not easy to make a case for systematic bias in subsur-
face temperatures due to these processes.
[38] The more relevant discussion is not whether the GST

and SAT are identical (it is clear that they are not) but
rather, do they show similar trends over long time periods.
Long-term simulations of both air and soil temperatures
from global three-dimensional coupled climate models
[González-Rouco et al., 2003] are indicating that seasonal
differences in coupling do exist, but are of little significance
over long timescales. González-Rouco et al. [2003] com-
ment that the deep soil temperature is a good proxy for the
annual SAT on continents, and variations in the two temper-
atures are almost indistinguishable. Additionally, the simu-
lations by González-Rouco et al. [2003] suggest a
hemispheric SAT history that is very similar to the GST
history recovered from terrestrial boreholes.

6.5. Investigator Bias

[39] Another possible source of bias might be investigator
bias. It is abstractly conceivable that some aspect of the
processing and/or interpretation of the borehole temperature
observations could impart a bias. The analysis of the
borehole data requires a separation of the steady state
component of the subsurface temperature field that is
associated with the outward flux of heat from Earth’s
interior. The residual temperatures after this separation must
then be interpreted in terms of a climatic signal and non-
climatic noise. The interpretive methodology (e.g., the
method of inversion) therefore might be examined for bias.
Nevertheless, the possibility of investigator bias affecting
the five-century reconstruction of the surface temperature is
highly unlikely. This assertion is supported by the fact that
the subsurface temperature observations in the public data-
base have been analyzed independently by three separate
geothermal research groups, each with their own and rather
different interpretive methods (Huang et al. [2000]; Harris
and Chapman [2001]; Beltrami [2002a]; the M03 critique
was based specifically on the results of the Huang et al.
analysis). These three independent estimates of the five-
century change in GST are very similar. The likelihood of
parallel biases in each of these analyses therefore seems
small.

7. Conclusions

[40] The principal outcome of the analyses we have
presented is that the five-century reconstruction of the
ground surface temperature from boreholes located in the
Northern Hemisphere shows warming of about 1 K, and
is essentially independent of the aggregation and weight-
ing scheme employed to determine the hemispheric
mean. Significant spatial correlation between GST recon-
structions and 20th century SAT trends emerges after
careful pruning of low occupancy grid elements, or by
gridding at a larger scale so that grid elements generally
have higher occupancy. Accordingly, the hemispheric
reconstruction derived from borehole temperatures con-
tinues to stand as an independent and robust estimate of
changes in continental temperatures over the past five
centuries.

Appendix A

[41] We calculate the area of each grid element on a unit
sphere as

A l1;l2; q1; q2ð Þ ¼
Z Z

dA ¼
Zl2

l1

Zq2
q1

cos lð Þdldq

¼ sin l2ð Þ � sin l1ð Þ½ 
Dq;

where l and q are latitude and longitude, respectively, l1,
l2, q1 and q2 are the bounding latitudes and longitudes of
the grid element, and Dl, Dq are the differences between the
bounding latitudes and bounding longitudes, respectively.
[42] The equivalence of the above equation to the ‘‘co-

sine-latitude’’ weighting referred to in the work of Mann et
al. [2003a] is easily demonstrated by employing the trigo-
nometric identity

sin l2ð Þ � sin l1ð Þ ¼ 2 cos
l1 þ l2

2

� �
sin

l2 � l1

2

� �
;

which leads directly to

A l1;l2; q1; q2ð Þ ¼ 2 cos l
� �

sin Dl=2ð ÞDq;

where l is (l1 + l2)/2. Thus the area of a grid element is
seen to be proportional to cos(l).
[43] We calculate the area-weighted hemispheric mean

(for each century or for the sum of all five centuries) as

PN
i¼1

f li; qið Þ � w li; qið Þ

PN
i¼1

w li; qið Þ
;

where f(li, qi) is the ith grid element mean, w(li, qi) is the
weighting (area, occupancy or both) of the ith grid element,
and the summations are over the N occupied grid elements.
This expression is the well-recognized definition of a
weighted average.
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